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ABSTRACT
Diffusion proﬁles of arsenic and antimony in undoped and carbon doped germanium (Ge), respectively, were analysed by means
of scanning spreading resistance microscopy (SSRM). Whereas earlier secondary ion mass spectrometry analyses have
determined the distribution of the chemical concentration of dopants and carbon, the electrically active defect concentration is
quantiﬁed by SSRM using appropriate calibration samples and a preparation technique that reduces the surface roughness and
its density of electronic states. Pronounced differences between the chemical and electrical dopant proﬁles are observed and
consistently described by the formation of inactive dopant defect complexes in the framework of the vacancy mediated diffusion
of donor atoms in Ge. This reveals that donor deactivation occurs during dopant diffusion at elevated temperatures.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5066617
I. INTRODUCTION
One of the most important developments in the semicon-
ductor industry during the past 50 years was the enormous
downscaling of semiconductor devices, i.e., metal-oxide-
semiconductor (MOS) transistors, from several μm in the
1970s1 down to a few nm in the present FinFET structures.2,3
Controlling the doping concentration with either p- or n-type
dopants is still crucial for the preparation of functional elec-
tronic devices. The characterization of the dopant concentra-
tion can be performed by several techniques. Secondary ion
mass spectrometry (SIMS) was probably one of the most
widely used techniques. To keep up with the downscaling,
SIMS depth resolution was improved down to 1 nm, while the
lateral resolution stayed at about 80 nm.4,5 Accordingly, SIMS
is not applicable for the characterization of nanoscopic elec-
tronic devices due to its limited lateral resolution. On the
other hand, atom probe tomography (APT) shows a sub-nm
resolution in three dimensions and even enables analyses of
modern transistor structures. However, the preparation of
APT tips from samples under study is quite laborious, and the
detection limit for foreign atoms is in the range of typically
1019 cm3.6 Moreover, the three dimensional reconstruction of
the sample tip can be affected by artefacts arising from
complex electric ﬁeld distributions. These limitations also
demand the calibration of APT by other techniques and con-
strain its use as a standard technique for a straightforward
and simple characterization of semiconductor structures.
What both SIMS and APT have in common is that they
detect the total, chemical dopant concentration, i.e., no infor-
mation about the amount of charge carriers, which affect the
device performance, is accessible. In cases where dopants are
considered to become deactivated, i.e., for highly n-type
doped germanium (Ge),7–9 SIMS and APT cannot provide direct
evidence about the electrically active dopant concentration.
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For many years now, spreading resistance proﬁling (SRP)
is a suitable technique to measure charge carrier concentra-
tions.10 This technique is widely applied to determine carrier
proﬁles associated with electrically active foreign atoms in Ge
and silicon (Si) (see, e.g., Refs. 9 and 11–13). Carrier proﬁles
measured by means of SRP after diffusion experiments under
well deﬁned conditions serve as input data for modelling dif-
fusion and defect reactions in semiconductors to characterize
the involved point defects.14–16 SRP is a two point electrical
measuring technique. The current Ispread ﬂowing through two
tungsten-carbide tips in contact with the sample is anti-
proportional to the speciﬁc resistance ρ of the underlying
material. The speciﬁc resistance is interrelated to the con-
centration Celec of electrically active dopants via
U
Ispread
¼ Rspread ¼ k  ρ4a ¼
k
4a  e  μ  Celec
, (1)
with the number of tips k, the contact radius a of the tips, the
mobility of charge carrier μ, and the electron charge e.10 The
robust SRP-tip with up to 1 μm contact radius naturally limits
the resolution of this method. The resolution is substantially
improved by scanning spreading resistance microscopy
(SSRM), which is an atomic force microscope (AFM) based
technique that uses the AFM-tip as contact to the sample.13,17,18
Based on this technique, two dimensional proﬁling with sub-
nanometer resolution is reported.19
Quantiﬁcation of SSRM resistance data is still a challenge,
but it is possible as reported by Clarysse et al.20 The measured
total resistance R is a sum of the tip resistance Rtip, spreading
resistance Rspread(ρ), and contact resistance Rcontact between tip
and sample. The latter strongly depends on the surface prepa-
ration. The tip radius a is only roughly estimated by the manu-
facturer and can change during measurement. In addition,
surface states may inﬂuence the amount of detected charge
carriers.20–22 Therefore, SSRM is more often used for qualita-
tive23–27 rather than for quantitative22 analyses of dopant dis-
tributions in semiconductors. Quantiﬁed SSRM analyses of the
active dopant level in conjunction with results on the total
chemical dopant concentration provide valuable information
about the level of electrical dopant activation or deactiva-
tion.9,11,20 A deactivation of dopants can occur in the course of
thermal treatments after implantation9,28 and thermal diffu-
sion of dopants.8,29
In this work, arsenic and antimony dopant diffusion
proﬁles in undoped and carbon doped Ge, respectively,
earlier investigated mainly by SIMS,29 are additionally ana-
lysed with SSRM. A cross-sectional preparation, completed
with a chemical-mechanical-polishing step, is applied to all
samples for the SSRM analysis. The preparation leads to
smooth surfaces with low concentrations of electrically active
surface states. The impact of surface states on the SSRM
results is analysed by COMSOL Multiphysics simulations.
Differently phosphorous doped epitaxial Ge layers serve as
a calibration sample to quantify the SSRM data, i.e., to
determine the concentration of electrically active dopants.
A comparison of the measured active and chemical dopant
concentration proﬁles with numerical simulations on the dif-
fusion of these n-type dopants in Ge provides direct experi-
mental evidence on the type of dopant-defect complexes
responsible for donor deactivation in Ge.
II. EXPERIMENTAL
Three different Ge samples were prepared for SSRM
analyses. Sample I consists of an epitaxial layer with four
200 nm thick layers of different phosphorus (P) concentra-
tions between 4 1017 cm3 and 1:5 1019 cm3. The epitaxial
layer was grown by molecular beam epitaxy (MBE) on a
(100)-oriented Ge substrate. The P concentration was deter-
mined by SIMS. Full electrical activation of the dopant can
be assumed at this concentration range. Sample I acts as an
n-type calibration sample. Sample II represents a Ge sample that
was doped with arsenic (As) by diffusion annealing at 650 C for
155min. For the diffusion experiment, a (100)-oriented p-type
Ge sample with a thickness of about 500 μm and resistivity
.35Ω cm was evacuated in a quartz ampoule together with an
As source.29 Sample III is characterized by ﬁve MBE-grown Ge
layers highly doped with carbon (C) and sandwiched between
undoped natural Ge layers. Antimony (Sb) was diffused into
the sample by closed ampoule annealing at 700 C for 90min.
To stop the diffusion process, samples II and III were cooled
to room temperature by quenching the diffusion ampoule in
ethylene glycol. More detailed information about the As- and
Sb-doped samples is given by Brotzmann et al.29
Different grinding and polishing steps were applied to
prepare the samples for SSRM analyses. The Ge samples were
mounted to a 90-holder, and additional dummy Ge pieces
were glued to the front surface using Gatan Epoxy to avoid
bevelling of the sample edge. The sample cross section was
ground using Al2O3 dissolved in H2O on a glass plate (30 μm,
15 μm, 5 μm, and 1 μm) and subsequently polished using
diamond paste on an acrylic glass plate (1 μm and 0:25 μm).
Finally, chemical-mechanical-polishing (CMP) was performed
for 5min using Köstrosol 3550, an aqueous dispersion of 35
nm amorphous Si dioxide nanoparticles, on a PT Super Plan
Perforiert disk from Presi. The polished surface was electri-
cally contacted using an eutectic indium-gallium alloy. The
ﬁnal surface roughness was determined by AFM non-contact
topography measurement to be around 0.5 nm RMS.
SSRM measurements were performed on a Park XE-100
AFM using highly doped diamond coated DDESP-V2 tips
from Bruker in contact mode at a force of 7 μN. A bias of
U ¼ þ100mV was applied to the samples. Current I was mea-
sured by a DLPCA-200 logarithmic ampliﬁer of Femto. SIMS
measurements were performed with a Cameca system using
oxygen as primary ion beam.29
III. RESULTS AND DISCUSSION
Sample I was analysed with both SIMS and SSRM.
Resistance proﬁles extracted from the SSRM scan and the
P-concentration proﬁle from the SIMS analysis are illustrated
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in Fig. 1. 1D proﬁles were extracted from the 2D SSRM scan
(upper and lower right corners in Fig. 1) by taking the mean
value of 128 line scans (the median value of 12 line scans with
the highest current data) for the CMP treated sample (for the
sample without CMP treatment). Note, the SSRM resistance
decreases toward the top of the left ordinate. In this repre-
sentation, a decreasing resistance corresponds to an increas-
ing dopant concentration. SSRM analyses were performed
with the same tip on samples prepared with (solid line) and
without (long dashed line) a ﬁnal CMP step. It is evident from
Fig. 1 that a surface treatment with CMP reduces the mea-
sured resistance (solid line) within the P-doped region (below
1300 nm) signiﬁcantly. On the other hand, the resistance for
the region above 1300 nm shows a higher resistance with
CMP treatment than without. This impact of the sample prep-
aration technique on the SSRM resistance data is explained by
differences in the surface quality. Without a CMP treatment,
the Ge surface is relatively rough (1.3 nm RMS) compared to
the roughness after CMP (0.5 nm RMS).
One consequence of a rough surface is a bad electrical
contact between tip and sample. A good contact, i.e., with low
resistance, is achieved by the formation of a metallic β-tin Ge
phase underneath the probe.22 The phase transformation
from diamond structure to β-tin starts at high pressures
around 10 GPa.30 In the case of a rough surface, there is no or
only a small area where the local pressure exhibits the pres-
sure threshold, i.e., the overall dopant independent resistance
R0 increases and the effective contact radius a, which is
mainly affected by the size of the β-tin phase,31 decreases.
This leads to a higher spreading resistance Rspread [Eq. (1)].
Both effects cause a higher measured resistance R that is
observed in Fig. 1 for the sample without CMP for depths
,1300nm. An ineffective formation of β-tin phase underneath
the probe cannot explain the lower resistance of the sample
without CMP treatment at depths .1300 nm compared to the
CMP treated sample within this intrinsic Ge substrate regime
with an expected high resistivity (see Fig. 1). The disparity is
explained by Ge surface states, whose concentration can sig-
niﬁcantly affect SSRM analyses of Ge,22 in particular, when
the surfaces are not well polished. Ge surface states are
known to be p-type20 and lead to hole conduction even for
intrinsic Ge due to an accumulation of holes at the surface.21
The values for the resistances Ri measured at the four
positions of the P-doped layers (see Fig. 1) are shown in Fig. 2
vs. the speciﬁc resistance ρi. The speciﬁc resistance is
obtained from the measured SIMS concentration at the par-
ticular peak taking into account the correlation between the
n-type doping concentration and the speciﬁc resistance
reported by Cuttriss.32 The SSRM resistance vs. speciﬁc resis-
tance is accurately described with the linear relationship
R ¼ m  ρþ R0: (2)
The parameters m and R0 determined from a least-square-ﬁt
algorithm are given in Fig. 2 for treatments with and without
CMP. The data-point for the lowest P-concentration
(4 1017 cm3) was not considered for the calibration curve
representing the without CMP case (ﬁlled circles) since oth-
erwise the curve would strongly deviate from the expected
linear behaviour. From a physical point of view, the deviation
FIG. 1. SSRM cross-section resistance data (solid and long dashed lines) and
SIMS concentration depth proﬁle (short dashed line) of four P-doped layers epi-
taxially grown on a lowly doped Ge substrate (sample I). Variation in SSRM
data is indicated by the grey band. The Ge substrate is located at depths
x . 1300 nm. SSRM sample preparation was performed with (solid line) and
without (long dashed line) chemical-mechanical polishing (CMP). Note, the
SSRM resistance decreases toward the top of the ordinate. The corresponding
2D SSRM scans are presented in the upper (without CMP) and lower (with
CMP) right corners. This P-doped Ge structure serves as a calibration sample
to convert the SSRM resistance to donor concentrations.
FIG. 2. SSRM resistance versus the speciﬁc resistance of the peak values from
Fig. 1. Data are described by a linear R(ρ)-relation (solid and long dashed
lines). The parameters of the best ﬁt are indicated in the ﬁgure for the n-type
germanium calibration sample I treated with (B) and without (⚫) CMP.
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from the linear behaviour corresponds to a deviation from the
ideal case where Eq. (1) is valid (inﬁnite sample volume, ohmic
contact, no surface states).
The resistance parameter R0 of Eq. (2) decreases from
21 kΩ for the untreated to 12 kΩ for the CMP treated sample.
The resistance Rtip of the doped conductive coating of the
AFM tip is about 10 kΩ as measured on a gold surface. The
close agreement to the R0 value of the CMP treated calibra-
tion sample shows that other contributions to R0 such as
Rcontact can be neglected for CMP treated samples. The
slope of the calibration curves in Fig. 2 decreases from
19:2 106 cm1 to 4:3 106 cm1 for CMP treated surfaces
(solid line). This indicates an increase in the contact radius
a [see Eq. (1)] from 0.15 nm to 0.6 nm. Both contact radii are
much smaller than the expected tip radius of around
10 nm that is in accordance with MD simulations of SSRM
tip-contacts on Si.31 Obviously, the CMP treatment affects
the effective contact radius.
Without the CMP treatment, only three SSRM data
corresponding to P-concentrations .1018 cm3 are described
by Eq. (2) (see dashed line in Fig. 2). For the lowest
P-concentration, the SSRM value is increased and strongly
deviates from the linear R(ρ) relationship. This increase in
resistance is explained by recombination of surface states
induced holes with free electrones.33 The resulting decreas-
ing concentration of charge carriers is mostly pronounced for
lowly n-type doping and explains the strong increase of the
resistance value of peak i ¼ 1 for the sample without CMP
compared to the treatment with CMP. Alternatively, the
increased resistance at this peak could indicate a rectifying
contact between tip and sample as reported by Schulze.34
Band bending leads to a potential barrier for positive sample
bias. In the case of high doping concentrations, the barrier
can easily be overcome by tunneling of charge carriers. In the
case of low doping, an increased resistance with respect to
the linear R(ρ)-relation is expected.
With CMP, all four calibration data are accurately described
by a linear R(ρ) relation [see Eq. (2)]. This proves that the CMP
treatment of Ge allows us to perform SSRM analyses of donor
concentrations down to 1017 cm3 without any signiﬁcant
impact of surface states or a Schottky contact barrier.
To further analyse a possible impact of surface states
on our measurements, a three-dimensional simulation of
SSRM was performed utilizing the COMSOL Multiphysics
Semiconductor Module. The software solves Poisson- and
continuity-equations for both electrons and holes under
various boundary conditions. Figure 3(a) displays the simula-
tion cell consisting of a Ge cuboid with a Ge-oxide surface
and an ohmic back-contact at positive bias U. A round ohmic
contact with radius a is chosen as tip contact that can be
placed at different positions. The P-concentration of sample I
determines the donor concentration inside the simulation cell.
P-type surface states with energy levels 100meV above the
valence band edge are considered at the interface between Ge
and the oxide.22
Figure 3(b) compares the experimental SSRM data of
sample I (grey band) with calculated resistance proﬁles. The
SSRM proﬁle obtained after the CMP treatment (upper grey
band) is accurately reproduced by simulations (upper crosses)
assuming a sample bias U ¼ þ100mV, a contact radius
a ¼ 0:6nm, no surface states, and a dopant independent tip
resistance of Rtip ¼ R0 ¼ 12 kΩ. The latter parameter is simply
added to the calculated resistance values. The experimental
SSRM proﬁle of the sample without CMP treatment (lower
grey band) and, in particular, the resistance range for low
dopant concentrations ,1018 cm3 is not well reproduced by
the calculations neglecting surface states [lower crosses in
Fig. 3(b)]. With surface states of 6 1011 cm2, the calculations
(black squares) describe the experimental proﬁle fairly well.
The simulation parameters are U ¼ þ100mV, a ¼ 0:15 nm, and
R0 ¼ 21 kΩ. The settings account for a roughness related
FIG. 3. (a) SSRM simulations performed by means of the COMSOL
Multiphysics semiconductor module assuming a three-dimensional simulation
cell with the P-concentration depth proﬁle of sample I. (b) Calculated SSRM
resistances (B and þ) for different depths are shown in comparison to the
SSRM measurements (grey bands) of calibration sample I prepared with and
without CMP. A contact radius a ¼ 0:6 nm (a ¼ 0:15 nm) and a resistance
R0 ¼ 12 kΩ (R0 ¼ 21 kΩ) were considered for simulations of SSRM measure-
ments on samples treated with (without) CMP. The calculated SSRM proﬁle for
sample I with CMP treatment (see topmost crosses) accurately reproduces the
experimental result (see upper grey band). The simulation of the resistance
proﬁle for sample I without CMP treatment can only describe the experimental
data [lower grey band in (b)] in the case when surface states at the Ge/
Ge-oxide interface are taken into account [see B in (b)]. Simulated calibration
curves are shown in (c) in comparison to the experimental results (upper and
lower grey band). The maximum resistance at each peak with their speciﬁc
resistance was considered for this representation.
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decreasing contact radius and an increasing contact resistance.
The overall good agreement between the calculated and
measured SSRM data is evident by the simulated calibra-
tion curves shown in Fig. 3(c) in comparison to the experi-
mental SSRM results (grey band). The simulations with
(without) surface states, which are indicated by black
squares (crosses), accurately describe (strongly deviate
from) the experimental SSRM data of sample I without the
CMP treatment. On the other hand, the SSRM data of
sample I with CMP (lower grey band) are closely repro-
duced by SSRM simulations without a signiﬁcant contribu-
tion of surface states. The simulations support the impact
of surface states on SSRM in the case of rough sample sur-
faces. A more complex model that includes trap-assisted
tunnelling and a Schottky tip contact is reported by
Schulze et al.22 to accurately describe SSRM especially for
lower dopant concentrations.
In order to detect possible changes in the calibration
curve due to changes in the tip geometry in the course of the
SSRM measurement, the SSRM analysis of calibration sample I
is conducted right before and after the analyses of samples II
and III. Both samples were prepared with a ﬁnal CMP step.
Figure 4(a) shows the total As concentration proﬁle of
sample II measured by SIMS (plus symbols) and the corre-
sponding proﬁle of the electrically active dopant obtained
by SSRM (crosses). The chemical concentration proﬁle of As
was originally measured by Brotzmann et al.29 The displayed
1D electrically active proﬁle was extracted from a 2D SSRM
scan [see insert of Fig. 4(a)] by taking the mean value of 128
line scans. The proﬁles clearly deviate for penetration
depths below 800 nm. Whereas the SSRM proﬁle is rather
ﬂat with a maximum concentration of 2 1019 cm3, the
SIMS concentration at the surface is 4 1019 cm3 and
decreases continuously.35 On the other hand, Fig. 4(b) illus-
trates the total concentration of Sb (plus symbols) and C
(dotted line) versus penetration depth recorded with SIMS
by Brotzmann et al.29 and the carrier concentration due to
Sb doping measured with SSRM (crosses) of sample III. The
1D electrically active proﬁle was extracted from the 2D
SSRM scan [see the inset of Fig. 4(b)] by taking the mean
value of 128 line scans. On ﬁrst sight, the SSRM and SIMS
proﬁles clearly deviate, i.e., the maxima of the SSRM coincide
with the minima of the SIMS proﬁle and the maxima in the
SIMS proﬁle convert to minima in the SSRM. This correlation
of the SSRM and SIMS proﬁles suggests that carbon doping
affects not only the amount of Sb incorporated in Ge but also
the resistivity. An increased total Sb concentration is
detected with SIMS for C concentrations of 1020 cm3 com-
pared to regions with lower C concentrations of 1018 cm3.
On the other hand, SSRM suggests a lower resistivity and
thus seemingly higher concentrations of active dopants
within the low-carbon doped compared to the high-carbon
doped regions. Furthermore, SIMS detects sharp Sb- and
C-concentration peaks at 1400 nm, while SSRM reveals a
broad peak at this depth.
In order to evaluate the accuracy of the SSRM proﬁles,
the chemical and electrical diffusion proﬁles of As and
FIG. 4. Comparison of SSRM data () and SIMS data (þ) with simulated con-
centration proﬁles of (a) electrically active Asþ (red solid line), neutral (As2V)0
(green short dashed line), and sum of both species (blue long dashed line) for
As-diffusion in bulk Ge (650 C, 155 min, sample II) and (b) electrically active Sbþ
(red solid line), neutral (CVSb)0 (green short dashed line), and sum of both
species (blue long dashed line) for Sb-diffusion proﬁle (700 C, 90 min, sample III)
in ﬁve C-doped epi-layers on a lowly doped Ge substrate (starting at 1400 nm
depth). The carbon proﬁle in (b) is indicated by black circles. (c) Comparison of
experimental SSRM data of Asþ (upper grey band) and Sbþ (lower grey band) to
SSRM proﬁles calculated by means of COMSOL Multiphysics with (B) and
without (þ) an impact of carbon on the carrier mobility. Simulation parameters are
a ¼ 1:4 nm (a ¼ 1:6 nm) for Asþ (Sbþ), R0 ¼ 11 kΩ, and U ¼ 100mV. Note,
the SSRM proﬁle of Asþ is referred to the upper x-scale.
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Sb in Ge are analysed in the framework of the vacancy
diffusion mechanism
(XV)O Xþs þ V2, (3)
where (XV), Xþs , and V
2 represent the singly negatively
charged mobile dopant-vacancy pair, the singly positively
charged substitutional donor atom, and the doubly negatively
charged vacancy, respectively. This diffusion-reaction equa-
tion and the respective charge states of the point defects
involved were determined from the concentration depen-
dence of n-type dopant diffusion14,15,36,37 and their impact on
Ge self-diffusion.29,38 The difference in the charge state of the
mobile (XV) and immobile Xþs defects results in a strong
doping dependence of the donor diffusion coefﬁcient DX that
is described by DX ¼ (n=nin)2DinX ,39 where DinX , n, and nin repre-
sent the donor diffusion coefﬁcient under electronically
intrinsic conditions, the free electron concentration, and the
carrier density under intrinsic conditions. The dependence of
DX (X [ {P, As, Sb}) on the square of n accurately describes
the diffusion proﬁles of substitutionally dissolved donor atoms
Xþs determined by means of SRP.
14,15
Chemical concentration proﬁles of X measured with
SIMS were reported by Brotzmann et al.29 to be at variance to
the distribution of electrically active donors predicted on the
basis of the vacancy mechanism. The difference was proposed
to be caused by the formation of neutral dopant-vacancy
complexes (X2V)
0 via reaction29,36
(XV) þ XþO (X2V)0: (4)
The validity of reaction (4) for dopant diffusion in Ge is veri-
ﬁed by a direct comparison between the chemical and electri-
cal dopant proﬁles. A previous attempt to quantitatively
compare the dopant proﬁles measured with SIMS and
nano-SRP was hindered due to an insufﬁcient accuracy and
resolution of the electrical proﬁling technique at that time.29
The former SRP proﬁle was obtained after Sb diffusion at
700 C for 3 h. This proﬁle reveals a more sinusoidal shape
than the SSRM proﬁle shown in Figs. 4(b) and 4(c) that was
measured after Sb diffusion at 700 C for 90min into the
same Ge structure. Since the SRP and the more recent SSRM
measurements were conducted on samples annealed for dif-
ferent times, a direct comparison of the measurements is not
meaningful and thus not shown in Fig. 4.
Additional proposed contributions to n-type dopant dif-
fusion in Ge via neutral dopant-vacancy pairs40 and doubly
negatively charged dopant-vacancy pairs41 could not be veri-
ﬁed. Figure 4(a) displays the chemical and electrically active
concentration of As in Ge after diffusion at 650 C for 155min
(sample II) and compares the concentration proﬁle of electri-
cally active Asþs determined with SSRM (crosses) to the As
þ
s
proﬁle (solid line) obtained from numerical calculations of As
diffusion in Ge. The simulations are based on reactions (3)
and (4). The measured and simulated Asþs -proﬁles are in accu-
rate agreement down to concentration of 1017 cm3. The total
As concentration [long dashed line in Fig. 4(a)] comprises the
concentrations of Asþs and (As2V)
0 (short dashed line) and is in
accurate agreement with the SIMS data (plus symbols). This
agreement between the directly measured and predicted Asþs
concentration proﬁle not only conﬁrms the diffusion and
deactivation mechanisms of As in Ge expressed by reactions
(3) and (4) but also reveals that the deactivation mainly occurs
in the course of dopant diffusion and not during cooling of
the sample to room temperature.
The signiﬁcance of combined chemical and electrical
proﬁling for the characterization of diffusion and defect reac-
tions in Ge is also demonstrated by Fig. 4(b). This ﬁgure dis-
plays the measured SIMS and SSRM data of sample III that
reveal a strong segregation of Sb in C-rich regions after Sb
diffusion in Ge at 700 C for 90min. The concentration proﬁle
of the substitutional donor Sbþs (crosses) determined with
SSRM is compared to diffusion simulations based on reactions
(3) and (4) and the reaction
(XV) þ C0s O (CVX)0 þ e (5)
that considers a segregation of Sb within the C-doped region
via the formation of neutral (CVSb)0 defect complexes.29 The
previous diffusion simulations only aimed to accurately repro-
duce the chemical Sb concentration proﬁle measured with
SIMS (plus symbols) and yield predictions about the distribu-
tion and concentration of electrically active Sbþs and neutral
(Sb2V)
0 and (CVSb)0 complexes.29 The calculated proﬁles of
Sbþs and (CVSb)
0 are displayed in Fig. 4(b) by the solid and
short dashed lines, respectively. The (Sb2V)
0 proﬁle is not
shown as its concentration is negligibly small compared to the
concentrations of Sbþs and (CVSb)
0.29 The total concentration
of Sb shown in Fig. 4(b) by the long dashed line is mainly
determined by Sbþs and (CVSb)
0. A comparison of the Sbþs
proﬁle obtained by SSRM (crosses) with the calculated Sbþs
proﬁle (solid line) reveals an accurate agreement for regions
with low C concentration but a strong discrepancy for high C
concentrations. This correlation between the electrical SSRM
data and the C distribution is explained by the carrier mobility
μ that is signiﬁcantly reduced in regions with a high amount of
(CVSb)0 complexes.29 With reference to Eq. (1), a change in μ
also affects the measured spreading resistance Rspread. This is
conﬁrmed by the SSRM simulations presented in Fig. 4(c). The
experimental SSRM resistance recorded after Sb diffusion in
the C-doped Ge structure is fairly well reproduced by SSRM
simulations, assuming that the carrier mobility μ is affected by
high carbon concentrations CC in the layer structure using the
following expression:
μ(CC) ¼ μ0  1þ
ﬃﬃﬃﬃﬃﬃﬃﬃ
CC
Cref
s !1
, (6)
where μ0 represents the carrier mobility affected by the
dopant concentration Celec and Cref ¼ 2:5 1019 cm3 is a ref-
erence concentration. Neglecting the impact of carbon, only
the measured SSRM resistance within the C-undoped Ge
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layers is described. Correspondingly, the experimental SSRM
resistance proﬁle of the As-diffused and C-undoped Ge
sample II is also well reproduced by the SSRM simulations.
The sharp peak observed in Fig. 4(b) in the chemical Sb
(plus symbol) and C (dotted line) concentration at about 1400
nm reveals a segregation at the interface of the Ge substrate
and the epitaxially grown MBE layer. The SSRM peak at the
interface is, in contrast, quite broadened. This is likely caused
by interface states that affect the charge carrier concentration
in its vicinity. The SSRM measurement (red crosses) reveals an
interesting doping behaviour at depths of 1030nm to 1150 nm,
i.e., at the position of the ﬁfth C-doped layer. This also
becomes evident by Fig. 4(c) in the SSRM data (grey band) of
the Sb-diffused sample III. The observed behaviour is at vari-
ance to the doping characteristic of the C-doped regions at
depths below 1000nm. Within the ﬁfth C-doped Ge layer, the
SSRM resistance is lower and suggests a higher active dopant
concentration compared to the C-doped layers below 1000 nm.
It is also noticeable that the chemical Sb concentration within
the ﬁfth C-doped layer drops from about 1019 cm3 down to 2
1018 cm3 with increasing depth [see Fig. 4(b)], whereas the
active doping level even slightly increases from about 2
1017 cm3 to 3 1017 cm3. This could indicate that a trapping of
Sb within the C-doped Ge layers is initially not immediately
linked to a deactivation of Sb, i.e., the deactivation evolves in
the course of the proceeding segregation process. This could
indicate the formation of an electrical active intermediate
defect that further evolves to a neutral defect complex. A small
but non-negligible electrical activity of C within the highly
C-doped regions can be excluded as explanation because the
SSRM analysis of the as-grown Ge structure shows a constant
carrier proﬁle representative for electronically intrinsic Ge.
Additional studies on Sb diffusion and its activation in Ge struc-
tures with different C doping levels are required to clarify the
peculiar impact of C on Sb doping.
IV. CONCLUSION
We performed SSRM analyses of arsenic and antimony
diffusion proﬁles in originally undoped and carbon-doped
germanium, respectively. The electrical active donor concen-
tration, which was obtained from a calibration of SSRM resis-
tances to free carrier concentrations, was compared with the
total chemical dopant concentration determined by SIMS in
earlier experiments. Different sample preparation methods
show the impact of surface roughness on SSRM resistance
proﬁles. COMSOL Multiphysics simulations conﬁrm the
hypothesis that surface states are mainly responsible for the
observed increase in the measured resistance for lowly
n-doped regions. A chemical-mechanical polishing (CMP)
surface treatment is applied as an effective preparation step to
decrease the density of surface states. By means of this prepa-
ration method, we were able to detect electrically active
n-type dopant proﬁles in germanium with some 10nm depth
resolution and concentrations down to 1017 cm3. The mea-
sured active As and Sb proﬁles are in accurate agreement with
the diffusion proﬁles of substitutionally dissolved dopants
calculated by numerical simulations on the basis of the
vacancy mechanism (3) and additional reactions that con-
sider the formation of dopant-vacancy (4) and dopant-
carbon (5) complexes. The consistency between experi-
mental and theoretical dopant proﬁles with regard to both
the total chemically and electrically active concentration
not only shows the validity of reactions (3)–(5) for the diffu-
sion of arsenic and antimony in Ge but also reveals the
signiﬁcance of neutral dopant-vacancy (X2V)
0 and neutral
carbon-defect (CVSb)0 complexes that form in the course
of diffusion in originally undoped and carbon-doped ger-
manium, respectively. Moreover, the work shows the
potential of combined chemical and electrical analyses of
dopant diffusion proﬁles for the characterization of diffusion-
reaction processes in semiconductors. The atomic mech-
anisms derived from such studies are fundamental, i.e.,
will also hold for semiconductor structures with a high
surface-to-volume ratio as long as the physical properties of
the semiconductor structure equal the properties of the bulk
material. However, dopant diffusion and activation in nano-
scopic structure can be affected by surface states that can
pin the Fermi level and give rise to band bending. As a conse-
quence, the formation enthalpy of charged point defects in
nanoscopic structures will be affected and thus the defect-
mediated dopant diffusion.
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